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The competitive adsorption of cationic and anionic model molecules; methylene blue (MB) and acid red 88

(AR88), respectively, in aqueous solutions onto NiO and/or MgO SBNs was studied. Adsorption isotherms,
kinetics and pH effect were investigated in batch modes. Computational modeling was conducted on
Acclerys Material Studio for MB and AR88 adsorption. pH study showed that the adsorption is strongly
pH dependent, increases for MB while decreases for AR88 with increasing the pH from 4 to 11. Isotherm

studies revealed that the Sips model was the best fit for both molecules in single cases, and thus the

Extended-Sips model for the binary systems. The kinetics for the binary systems were well-described by

the external mass transfer model; thus, film diffusion is the most dominant in the adsorption of both
organic onto the SBNs. The adsorption uptakes in binary systems exceed 130 mg g~ for AR88 (167.7
MgO-SBNs, 132.93 NiO-SBNs, and 178.5 mg g~ NiO-MgO-SBN), while it reached an uptake of 76.2
MgO-SBNs, 81.5 NiO-SBNs, and 94.7 mg g~* NiO-MgO-SBNs for MB within the time needed to reach
equilibrium (10 min). The adsorption of these two molecules in binary systems showed a synergistic
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effect onto the three types of SBNs, that enhanced the adsorption uptakes. Computational modeling

confirmed the synergistic effect, the adsorption energy of binary systems was lower than that in single
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1. Introduction

Water consumption is dramatically increasing worldwide.
Growing global population, climatic factors, and shortage of
freshwater supplies place economic and political ramifications.'”
An increase of one-third of water demand is expected by around
2050." Hence, water shortage is increasingly becoming a chal-
lenge that the humankind must confront.> New technological
solutions for water and wastewater treatment, should be
addressed to avert water crisis in the foreseeable future.
Currently, many physical, chemical, and biochemical processes
are developed to treat wastewater.* Nanotechnology, for instance,
drew considerable potential for wastewater treatment in recent
decades.>” Recently, nanomaterials are gaining intense
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systems. Regeneration study was conducted over four adsorption cycles to confirm the sustainability of
SBNs. They were stable under thermal oxidation at 400 °C, without any impact on the adsorption capacity.

attraction owing to their exceptional chemical and physical
properties such as large surface area-to-volume ratio and active
surface sites.”"” To this end, engineered nanomaterials for
wastewater treatment is addressing incredible advances in
adsorptive and catalytic behaviours toward contaminants
sequestration and/or degradation. The treatment of wastewater
from dyeing industries by adsorption is also getting more
attention in the literature.”*® Different adsorption parameters
are usually considered to come up with optimized conditions.
These factors include pH values, agitation time, temperature,
adsorbent dosage, initial dye concentration, sonication time,
particle size, and regeneration of nanoparticles.*> The adsorp-
tion capacities of the different types of nanoparticles are exten-
sively reported.** Experimental competitive adsorptive behaviour
of methylene blue (MB) and safranin-O (SO) from binary solu-
tions using Fe;0, nanoparticles was examined by Ghaedi et al.*
The adsorption capacity was between ~89.2-92 mg g~ ' and
presented by the Extended-Freundlich model. Another study
presented the adsorption of brilliant green (BG) and malachite
green (MG) onto Mn-doped Fe;O,-nanoparticle-loaded activated
carbon described by the Langmuir isotherm model with
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comparable adsorption capacities for both dyes.>® The adsorption
of ternary dyes mixtures of BG, MB, and crystal violet (CV) using
MnO, nanoparticle-loaded activated carbon was inspected under
certain optimal conditions.”” In conclusion, the nanoadsorbents
in the recent years showed unprecedented efficiencies in
adsorbing the organic pollutants, in conjunction with generating
small amounts of solid wastes.”®** Therefore, it is important to
study, develop, and test many adsorbents for the competitive
adsorption, to mimic real cases and understand the adsorption
mechanism.*

Something else of note, computational modeling methods are
nowadays used to simulate the molecular structures at the
quantum chemical levels.** Those methods could help in avoid-
ing the costly dead ends, by predicting the relevant condensed-
phase properties.* They can be used to accurately estimate
many molecular parameters, such as confirmations, molecular
structures, interactions, fluctuations, and the overall dynamics of
the individual atoms.***® This kind of studies will drastically help
in getting some insights about the molecular interaction and the
adsorptive behaviour of the organic molecules under investiga-
tion of the nanoparticles. Also, they will help in understanding
the adsorption mechanism. This study will be focusing particu-
larly on low index planes including non-polar and polar surfaces.
Herein, MB and acid red 88 (AR88) are cationic and anionic
model molecules, respectively. They are highly water-soluble and
used as colouring agents, and they might be found in textile
wastewater. Silica-embedded NiO and/or MgO nanopatrticles are
proven to be efficient nanoadsorbents and nanocatalysts (nano-
sorbcats)*”*® for some organics removal exemplified by methy-
lene blue MB, neutral red (NR), and acid red 27 (AR27).** Also,
they showed high stability and regeneration processes.*

This study aims at investigating the competitive adsorption
of binary aqueous mixtures of MB and AR88 using in-house
prepared silicate-based NiO and/or MgO nanosorbcats (herein
after named as SBNs); experimentally and computationally. In
fact, the literature review showed that binary adsorption
systems are more complicated to be understood and described.
This study highlights the synergistic behaviour of AR88 and MB
in binary solution, thus understanding the adsorption mecha-
nism and interactions between both organics is of paramount
importance. The mechanistic insights of these molecules’
interactions with the surface of SBNs, experimentally and
computationally, are to be addressed. The adsorption interac-
tions were investigated computationally in single and binary
systems and compared. Subsequently, the adsorption isotherms
are presented. Also, the adsorptive removal percentages at
different pH values are reported. The molecular structure
adsorption simulation is presented in the computational
modeling study. On the other hand, the adsorption kinetics is
examined. Eventually, the successful regeneration of the silica-
embedded NiO and/or MgO nanosorbcats is considered.

2. Materials and methods
2.1 Chemicals and reagents

In a typical preparation of silicate-embedded NiO and/or MgO
nanosorbcats (SBNs), the following chemicals and reagents
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were used; nickel nitrate (Ni(NO;),-6H,0, 99.99%), magnesium
nitrate (Mg(NO3),-6H,0, 99.99%), ammonium hydroxide
(NH4OH, 25% (w/w)), nitric acid (HNOj3, 99.99% (w/w)), Ludox
AS-40 colloidal silica (SiO,, 40% (w/w)), all purchased from
Sigma-Aldrich (Haifa) via local sub-vendor BioTech Medical
Supplies (Ramallah, Palestine). A granulated household sucrose
(C12H2,041) was also used. For the pH effect experiments,
NH,OH and acetic acid (CH;COOH, 25% (w/w)), purchased
from the same source, were used. All these chemicals were used
as received without any further purification.

2.2 Adsorbates

A cationic model molecule, methylene blue (MB, C;6H;3CIN;S,
M,, = 317.85 ¢ mol ™}, A = 664 nm) and an anionic model
molecule acid red 88 (ARS8, C,,H;3N,NaO,S, M,, = 400.38 g
mol ™%, Apax = 504 nm), supplied from same above source, were
chosen without further purification to be the source of the
organics for this competitive adsorption study.

2.3 Nanosorbcats and its characterization

The preparation of the SBNs was according to previous
works.**** The source of the silica was from Ludox AS-40
colloidal silica for all types of SBNs. These in-house prepared
SBNs were employed for the removal of organic model mole-
cules from wastewater in single and bi-solution systems. Before
any adsorption experiment, surface area, particle size, and
structure of SBNs were measured. The Langmuir adsorption
isotherms for N, (99.999%) were obtained using an Accelerated
Surface Area & Porosimetry System 2020 (ASAP) supplied by
Micromeritics Instruments Inc. Temperature control was ach-
ieved through the use of liquid N, (—195.8 °C). The sample was
heated up to 150 °C before running under N,. The Langmuir
surface area values were calculated. In addition, X-ray diffrac-
tion (XRD) measurements were performed using a Rigaku
MINIFLEX II X-ray instrument at room temperature (reflection
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Fig.1 X-Ray diffraction powder patterns of SBNs.
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Table 1 Langmuir surface areas and crystalline domain sizes of SBNs
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NiO-SBNs MgO-SBNs NiO-MgO-SBNs
Langmuir surface area (m* g ") 47.1 £ 0.9 31.3 £ 0.5 39.7 + 0.6
Estimated crystalline domain size (nm) 57 £ 1.3 50 + 1.6 33+ 1.0

mode at 30 kV and 15 mA using Cu Ko radiation). The scan was
performed in the 26 range of 20-90° using a 0.02° step and
a counting time of 2° per min. The XRD patterns (Fig. 1) of NiO-
SBNs, MgO-SBNs, and NiO-MgO-SBNs match with periclase PDF
45-0946 and bunsenite PDF 01-075-0269. The results for the
Langmuir surface areas and the estimated crystalline domain
sizes for the SBNs are listed in Table 1. Further and
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comprehensive characterizations of our prepared SBNs and
their compositions can be found in our earlier work.*’

2.4 Adsorption experiments

2.4.1 pH effect. The pH of the aqueous solution plays an
important role in many adsorption processes, especially on the
saturation adsorption capacity of the adsorbent.* Therefore,

Fig.2 Chemical Structure of (a) MB and (b) AR88; CPK representation of the optimized (c) MB molecule (top and side views, respectively) and (d)
AR88 (top and side views, respectively). Grey atoms represent carbon, blue atoms represent nitrogen, white atoms represent hydrogen, yellow
atoms represent sulphur, purple atoms represent sodium, and light green atoms represent chlorine. The geometry optimization in forcite was set

to fine and the forcefield to COMPASS. 4048

This journal is © The Royal Society of Chemistry 2019
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Table 2 Calibration curve slope constants of the binary solution of MB
and AR88

MB ARS8

ka, K, s, ks,
0.2802 0.0162 0.0045 0.0373
RZ

0.992 0.985 0.991 9.989

the possible effect of varying the pH on the adsorption efficiency
of AR88 and MB in the binary solution was studied. The pH
effect was tested at SBNs dose of 25 mg at room temperature.
The initial concentration for each model molecule was
200 mg L~ while fixing the other competent molecule at
50 mg L™'. The pH of the binary solution samples was
controlled by adding amounts of diluted NH,OH and CH;-
COOH to change the pH value. The adsorptive removal
percentages (R%) at different pH values ranged from 4 to 11
were obtained from eqn (1).

rY% = =S 00w (1)
Co
where C, is the initial concentration of the organic (mg L™%); C,
is the equilibrium concentration of the adsorbate in the solu-
tion (mg L™Y).

2.4.2 Adsorption isotherms. Several parameters affect the
adsorption uptake such as; the adsorbent amount and its particle
size, the initial concentration of the adsorbate, the medium
temperature, the pH of the system, and contact time.**™*¢
Adsorption tests of MB and AR88 organic model molecules onto
the in-house prepared SBNs, were carried out in batch mode
experiments for both single and binary studies at ~25 °C and
optimized pH. For single systems, 25 mg of SBNs were added to
a set of vials containing 5 mL solutions at different initial
concentrations of MB or AR88. The vials were tightly sealed to
avoid any loss of water. Two sets of solutions were prepared for
the binary adsorption study. The first one was prepared by fixing
the concentration of MB at 50 mg L' and varying the ARS8
concentrations from 10 to 500 mg L. While the other set was
undertaken by changing the MB concentrations from 10 to
500 mg L' at a constant AR88 concentration of 50 mg L™
Adsorption took place by shaking the vials for 2 h on a shaker
(Grant OLS200 Orbital Shaking Water Bath, Grant Instruments,
Cambridge, UK) to ensure that the equilibrium was attained.
Then, the vials were placed in a centrifuge at 3000 rpm for
10 min, to separate the SBNs with the adsorbed organics from the
mixture. The spent SBNs were taken for Fourier-transform
infrared spectroscopy (FTIR) tests, while the supernatant was
decanted and investigated by using UV-visible spectrophotom-
eter (Genesys 10S, Thermo Scientific Instruments Canada Inc.,
Mississauga, ON) to quantify the amount adsorbed and to verify
the adsorption happenings on the surfaces of the SBNs. The
experimental data were fitted using the Sips, Freundlich and
Langmuir isotherm models for the single adsorption case. While
the Extended-Sips model was used for binary systems. The
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Fig. 3 The pH effect in the binary solution adsorption system for (a)
MgO-SBNs, (b) NiO-SBNs, and (c) NiO-MgO-SBNs. Experimental
conditions are: SBNs dose, 25 mg; contact time, 120 min; temperature,
25 °C; initial concentrations, 200 and 50 mg L~! for the investigated
organic with the other competent organic, respectively. The symbols
are experimental data of the AR88 and MB removal percentages.

This journal is © The Royal Society of Chemistry 2019
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adsorption isotherm models are summarized in the ESI, Table
S1.1 The Extended-Sips isotherm shown below was used to fit the
experimental isotherm data for binary systems:

_ Qm (I(sicei)"“
1+ (Ksi Cei)mi + (Ksj Cej)nSj

Q. (2)
where Q, is the maximum adsorbed amount (mg g~ '); Q. is the
adsorption capacity at equilibrium (mg g™ '); K, is the Sips
adsorption equilibrium constant (L mg™') and ng is the Sips
constant (unitless).

The non-linear Chi-square (x?) analysis was used to evaluate
the goodness of the fittings. All isotherm model parameters and
the x” analysis were performed using Excel 2016 software. The
x* values were obtained using the following equation;*’

2
(Qe - Qe(model))
Qe(mudel)

=)
where Q. and Qe(moden are the equilibrium maximum uptake
obtained experimentally and by model fitting (mg g %),
respectively.

2.4.3 Kinetics study. To verify the time required to reach
equilibrium, the adsorption kinetics of the two organic model
molecules (MB and AR88) in the binary solution were investi-
gated. This was carried out by conducting experiments at a fixed
initial concentration of the investigated organic in the binary
solution at 100 and 50 mg L™ " for the other competent organic
model molecule. The rate of removing the MB and AR88 from
the wastewater samples was determined at a neutral pH of 7.0 £
0.1 and constant room temperature.

(3)

2.5 Fourier-transform infrared spectroscopy (FTIR)

A Nicolet iS5 FT-IR Spectrometer instrument (Thermo Scientific
Instruments) with iD3 ATR accessory plates and DTGS KBr
detector, was used to study the mid-infrared region before and
after adsorption to infer and investigate the interaction of MB
and AR88 with the prepared SBNs. The spectra were recorded
from 400 to 4000 cm ™" with resolutions of 8 cm ™" and 16 scans
for each spectrum.

2.6 Computational modeling

To understand the adsorption mechanism and the interaction
between the molecules and adsorbents’ surfaces, computational

Table 3 Estimated single and binary adsorption isotherm parameters of

View Article Online
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modeling was conducted on Acclerys Material Studio Software*® for
both AR88 and MB model molecules in single and binary cases.
Forcite was used to optimize the structure geometry, and the
condensed-phase optimized molecular potentials for atomistic
simulation studies (COMPASS) forcefield calculations were selected
and put on fine precision. The ultimate goal from these calcula-
tions is to reach experimentally comparable precision in predicting
molecular properties in isolation as well as in condensed phases.
The same procedure was applied to optimize NiO and MgO
surfaces, where electrostatic forces and van der Waals forces were
set to on atom-based calculations.” The chemical structures as well
as the optimized CPK of MB and AR88 are shown in Fig. 2.

2.7 Regeneration of spent SBNs

Desorption of MB and AR88 in the binary solution from the
loaded nanosorbcats was performed to get rid of all the organic
matter that is captured on the SBNs surfaces. This was done by
thermal oxidation of the spent SBNs to 400 °C in Multi Stage
BIFA Laboratory Furnace MS8-62 for 3 hours at a heating rate of
10 °C min~". The regenerated SBNs were employed for the
adsorptive of MB and AR88 in the binary solution at a pH of
around 7 and a temperature of 25 °C. The initial concentrations
of MB and ARS8 in the aqueous solution were 100 mg L~* for
both of them. The reliability of the regeneration of SBNs was
investigated by calculating R% after four adsorption cycles to
confirm the sustainability of the SBNs.

2.8 Measurements of organics uptake

UV-vis spectrophotometer was used to detect the residual
organic amounts in the aqueous solutions after adsorption. The
analysis of the remnant organics in the binary solution was
undertaken by measuring the absorbance and then by applying
the following equations:*>>*

kp, Ay — kg, A>
Cr = T ) W 4
AT ka ks, — kaks, (4)
CB _ kA2A2 — kAIA] (5)

= kakn, — kaks,

where C, and Cj (mg L") are the concentrations of organics in
the binary solution, k4, and k,, are the slopes of the calibration
curves of MB at the maximum wavelengths (An.x) of 664 and
504 nm, respectively, while ks and kg, refer to the slopes of the

the Sips and Extended-Sips model, respectively

Single Binary
Model molecule SBNs Om(mgg™) K, (L mg ™) n, (unitless) Qm (mg g™ K, (L mg™) n, (unitless) x>
ARS8 MgO 147.2 0.0071 0.69 167.7 0.00507 0.67 0.05490
NiO 111.1 0.0039 0.66 132.93 0.00197 0.59 0.01402
NiO-MgO 137.7 0.0005 0.40 178.5 0.00201 0.36 0.03850
MB MgO 56.6 0.0111 0.80 76.2 0.00353 0.63 0.00130
NiO 69.4 0.0091 0.51 81.5 0.00346 0.46 0.00341
NiO-MgO 81.4 0.0164 0.57 94.7 0.00805 0.53 0.00450

This journal is © The Royal Society of Chemistry 2019
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calibration curves of AR88 at the same wavelengths, respec-
tively. In addition, A and A, (unitless) are the absorbance of MB
and AR88 in the binary solution at A, of each model molecule.
The calibration curve slopes are listed in Table 2. As seen, the
calculated correlation coefficient (R?) values, were higher than
0.98 indicating the stability and accuracy of both calibration
curves for MB and ARSS.

3. Results and discussion
3.1 pH effect

The removal percentage related to the initial concentration of
AR88 and MB values in the binary solution at different pH
values are depicted in Fig. 3. It was found that in the case of the
adsorption in the binary solution of 200 mg L™' MB with
50 mg L' AR88 onto the in-house prepared SBNs (Fig. 3, the
blue curves), the R% of MB increases from 77 to 82%, 77 to 87%
and 77 to 89% for MgO-SBNs, NiO-SBNs, and NiO-MgO-SBNs,
respectively, as pH values increase from 4 to 11. This is due to
the electrostatic forces of attraction which can be enhanced as
the surface of adsorbent becomes negatively charged. Subse-
quently, an improvement on the adsorptive capacity of SBNs
occurs on the positively charged MB cations.** Conversely, in
the case of 200 mg L' AR88 with 50 mg L' MB (Fig. 3, the red
curves), the R% decreases with increasing the pH from 4 to 11. It
was noted that the drop in the R% was from 97 to 87% for MgO-
SBNs, 89 to 59% for NiO-SBNs and from 96 to 81% when the
nanosorbcats are NiO-MgO-SBNs. The electrostatic interaction
between the protonated groups of carbon and acidic organics
occurs. Consequently, the number of negatively charged sites
increases and thus, the negatively charged surface site on the
adsorbent does not favour the adsorption of anion organics due
to the electrostatic repulsion.®**® The optimum performance
was found to be at pH around 7 for MgO-SBNs and NiO-MgO-
SBNs, and about 8 for NiO-SBNs. The optimum nanosorbcats
were found to be the mixed ones, i.e., NiO-MgO-SBNs, of which
the removal percentages were maintained at around 92% and
86% for AR88 and MB, respectively. This could be attributed to
the synergistic effect of those nanosorbcats. Recent studies have
observed similar effects of varying the pH on adsorption uptake
of cationic and anionic organics in single and binary

systems.**"®

3.2 Binary adsorption isotherms

The Extended-Sips isotherm model illustrated previously by eqn
(2), was used in the description of the AR88 and MB equilibrium
in the binary solution adsorption system. This model was
chosen based on a comparison of the calculated x? values of the
Langmuir, Freundlich, and Sips models in the aforementioned
single adsorption (results can be found in the ESI, Table S27).
The Sips model and Extended-Sips equilibrium parameters are
listed in Table 3. Additionally, Fig. 4 shows the obtained
experimental isotherm data along with the Extended-Sips
model for the adsorptive removal of MB and AR88 molecules
in the binary solution onto MgO-SBNs, NiO-SBNs, and NiO-
MgO-SBNs at ambient room temperature of 25 °C. The
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Fig. 4 Macroscopic binary solution phase adsorption isotherm of MB
and AR88 onto (a) MgO-SBNs, (b) NiO-SBNs, and (c) NiO-MgO-SBNs
nanosorbcats. Experimental conditions are: SBNs dose, 5 g L%
contact time, 120 min; temperature, 25 °C; and pH, 7.0. The symbols
are experimental data, and the solid dashed lines are the Extended-
Sips model.
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adsorption uptake of AR88 in the binary solution onto MgO-
SBNs as shown in Fig. 4a is greater than the uptake for MB
molecules, suggesting the higher adsorption affinity for AR8S.
On the other hand, as anticipated in Fig. 4b and c, the
adsorption of MB and AR88 onto NiO-SBNs and NiO-MgO-SBNs
in the binary solution increased sharply at low equilibrium
concentration and gradually increased at high concentrations,
suggesting that both SBNs have high adsorption affinities
toward MB and AR88 molecules. Interestingly, the adsorption of
the binary system of organic AR88 and MB substances onto the
SBNs was enhanced compared to that in the single adsorption
system. Saturation uptake capacities of both organics were
increased. In addition, the enhancement was visually observed
by comparing the colour of the supernatant solution after 10
minutes of adsorption at pH of 7.0 in the single and the binary
systems. In other words, the adsorption of the anionic and
cationic organics in the multi-component system showed
a synergistic effect, which leads to the enhancement in the
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uptake capacities for all SBNs. Also, it was noted that the
heterogeneity factor (ns) decreased compared to that in the
single adsorption system. As a result, the adsorption of the
other organic onto the surface of the SBNs was enhanced. The
affinity (K;) values for the MB and AR88 in the binary system had
mostly decreased compared to that in the single system (Kg).
This indicates that the surface affinity of the nanoadsorbent
had changed as a result of the presence of the other organic
molecules. Such observations are important when it comes in
real wastewater effluents, i.e., SBNs can remove both pollutants
with different degrees of competition between the cationic and
anionic organic molecules. Meanwhile, the K values of
adsorption of MB molecules onto NiO-SBNs and NiO-MgO-SBN’s
were higher to that for single MB. Thus, the NiO-SBNs and NiO-
MgO-SBNs favour adsorbing the MB molecules. Besides, it was
obviously observed that the blue colour caused by MB molecules
has almost disappeared, while the red one caused by AR88 in
the NiO-SBNs and NiO-MgO-SBNs adsorption tests remained in

(b)

1.5

Absorbance
[

0.5

350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Absorbance

0.5

0 Ll X TP
350 400 450 500 550 600 650 700 750 800 850
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Fig. 5 The UV-vis absorption spectra and the digital images of the aqueous solutions for single systems; (a) 100 mg L™ of MB, (b) 100 mg L™* of

AR88, and for binary systems; (c) 100 MB + 50 AR88 mg L™t and (d) 100

AR88 + 50 MB mg L. The labelling shown are: MS refers to the mother

solution containing the model molecules before any adsorption, while the photos after adsorption using the nanosorbcats are: MgO-SBNs, NiO-

MgO-SBNs, and NiO-SBNs.
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the solution. Nevertheless, the value of K, for AR88 was higher
than it for MB when MgO-SBNs used. So, the MgO-SBNs prefer
adsorbing the anionic over the cationic organic molecules. This
concludes the favourability of our NiO-SBNs and NiO-MgO-
SBNs to adsorb the MB over AR88 molecules and vice versa in
the case when the nanoparticles are MgO-SBNs.

Also, the UV-visible spectra ranging from 400 to 800 nm, and
digital photographs before and after adsorption of MB and
ARS8 in single and binary systems showing the colour change
are shown in Fig. 5. The synergistic effect and the enhancement
were confirmed by comparing the single and binary solution
samples at same adsorption conditions. The adsorption exper-
iments were done at a constant temperature of 25 °C, SBNs dose
of 25 mg, 5 mL solution volume and pH of 7.0. As seen, in the
case of single adsorption (Fig. 5a and b), a higher leftover
amount remains in the aqueous solutions. This demonstrates
the synergistic effect and the strong adsorbability of SBNs to
these organics in the binary solution, in which the latter became
colourless (Fig. 5¢ and d), especially with NiO-SBNs for MB and
NiO-MgO-SBNs for AR8S.

It is important to check the competency of our in-house
prepared SBNs with other nanoadsorbents reported in the
literature. Thus, Table 4 lists the adsorption saturation capac-
ities, surface areas of the nanoadsorbents, concentration ranges
of the adsorbates, and the contact times of previously reported
adsorbents in comparison with our SBNs for the adsorptive
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removal of MB and AR88 organic model molecules. Interest-
ingly, the maximum adsorption capacities in the multi-
component adsorption systems of our SBNs were higher than
those reported adsorbents in binary and single systems. While
in the case of MB, our SBNs have also shown a superb perfor-
mance, of which our SBNs adsorption capacities were higher
than the majority of the other reported nanoadsorbents. Also, it
is worth mentioning here that our SBNs showed very fast
kinetics in comparison with other conventional
adsorbents, of which the equilibrium can be reached within
5 min. This indicates and suggests that our in-house prepared
nanosorbcats are suitable to be used as promising nano-
adsorbents for the adsorptive removal of such organic
molecules.

nano-

3.3 Adsorption followed by FTIR

The FTIR analysis before and after the adsorption of the organic
molecules onto the SBNs is illustrated in Fig. 6. The IR spectrum
of the virgin SBNs before adsorption of any substance was
previously reported and discussed elaborately in previous
work.*® Fig. 6 shows the signals of the framework region for the
MgO-SBNs, NiO-SBNs, and NiO-MgO-SBNs after the adsorption
of the organics. The framework region was found to be from
around 500 to 1900 cm™'. Modifications on original SBNs
signals appeared due to the adsorption of MB and AR88 mole-
cules. The modification of the spectrum from around 600 to

Table 4 Comparison of different adsorbents toward the adsorptive of cationic and anionic organic dyes; MB and AR88

Surface  Adsorption Concentration
area capacity Isotherm range (mg Contact
Adsorbent Adsorbate (m*¢g™") (mgg™) model Temperature pH L) time Reference
Exfoliated graphene oxide MB — 17.3 Langmuir — — — — 59
Polyaniline MB — 19.67 Langmuir 28°C - — 90 min 60
Polypyrrole MB — 19.96 Langmuir 28 °C - — 120 min 60
Formaldehyde-treated melon husk MB 395 23.67 Langmuir 30£2°C  6.55-100 90 min 61
Congo red composite MB 31.44 Freundlich 25 °C 11 3-27 30s 62
Multiwalled carbon nanotube MB 217 771 Freundlich 25 °C 6 5-15 60 min 32
Graphite oxide nanoparticles MB — 500 Freundlich 25 °C 7 20-75 14 min 63
MgO MB 31.3 76.2 Sips 25 °C 7 10-500 5 min This
study
NiO MB 47.1 81.5 Sips 25 °C 7 10-500 5 min This
study
NiO-MgO MB 39.7 94.7 Sips 25 °C 7 10-500 5 min This
study
Magnetic Fe@graphite ARS8 47 41.8 Langmuir 30 °C 7 5-40 — 64
nanocomposite
Multiwalled carbon nanotube AR183 217 54.1 Freundlich 25 °C 6 10-50 60 min 32
Magnetic multi-walled carbon ARS8 38.7 54.4 Freundlich 30 °C 7 10-58 100 min 65
nanotubes
Azolla rongpong ARS8 — 81.3 Langmuir 30°C 2.5 100-1000 — 66
Magnetic ZnFe,O, nanoparticles ~ AR88 139 111.1 Langmuir 30°C 7 10-56 340 min 67
Alunite ARS8 — 832.81 Langmuir 25°C 2 — 50 min 68
MgO ARS8 31.30 167.7 Sips 25 °C 7 10-600 5 min This
study
NiO ARS8 47.1 132.93 Sips 25°C 7 10-600 5 min This
study
NiO-MgO ARS8 39.7 178.5 Sips 25 °C 7 10-600 5 min This
study
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Fig. 6 FTIR spectra for MB and AR88 adsorption in the binary solution
onto (a) MgO-SBNs, (b) NiO-SBNs and (c) NiO-MgO SBNs, respec-
tively. The black spectrum refers to the virgin SBNs, while the coloured
spectrum refers to the spent SBNs after adsorption of organics in the
binary solutions. The shaded regions represent the possible attached
functional groups.
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onto (a) MgO-SBNs, (b) NiO-SBNs, and (c) NiO-MgO-SBNs. Experi-
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temperature, 25 °C; and pH, 7.0. The symbols are experimental data,
and the solid dashed lines are the external mass transfer model.
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Fig.8 The estimated Kma (min~?) values for MB and ARS8, from left to
right respectively, for each type of SBNs.

700 cm~ " could be assigned to a C-S stretching vibration as
a result of the adsorption of MB.*® While the modifications on
the IR signals at 1247 and 1370 cm ™' might be corresponding to
N=N and the SO; asymmetric stretching vibrations confirming
the adsorption of AR88.%° Also, the adsorption of the organics in
the aqueous solution have shifted the signals with different
intensities from around 500 to 1000 supporting the adsorp-
tion.*® The modification on the spectrum of the spent SBNs at
the regions of C-S, N=N, and the SO; was symmetric. Accord-
ingly, the adsorption of MB and AR88 model molecules onto the
surface of the three in-house prepared SBNs is confirmed.

3.4 Adsorption kinetics

The results of the change in the concentration of AR88 and MB
at predetermined time intervals onto our prepared SBNs are
shown in Fig. 7. As seen, the concentration of the MB and AR88
decreased rapidly during the first 5 min and remain approxi-
mately constant after 10 min of contact, suggesting that the
equilibrium can be nearly reached within 10 min of contact
time. This feature is significant for any futuristic scaled-up
continuous packed-bed process. This fast kinetics can be
due to the nonporous structure of the synthesized nano-
particles, of which the external adsorption is dominant, and
no intraparticle diffusion to slow the rate of adsorption.** It is
known that the adsorption of the molecules onto a nonporous
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adsorbent occurs in three steps: (1) bulk diffusion of the
molecules into the solution; (2) diffusion into a film layer
surrounding to the adsorbent surface; and (3) adsorption of
the molecules onto the adsorbent active sites.”” During the
adsorption of the model molecules onto the SBNs, good
shaking was ensured, and thus, the adsorption kinetics was
only affected by the film diffusion, of which it can be consid-
ered as the rate-limiting step in the kinetic study. Hence, the
kinetics data were fitted and delineated using the external
mass transfer model;**

i—f = —Kna(C - Cy) (6)
where K, is the external mass transfer coefficient in the liquid
phase (m min~"); a is the specific surface area per the volume of
the adsorbent (m*> m™); C is the concentration of the model
molecules (mg L") at any time; and Cj is the concentration of
the molecules at the interface with the adsorbent (mg L™"). The
value of Cg can be determined from reforming the Sips model
parameters in ESI (Table 17), as shown below;

-1

0 }
CS = e~ 7
|:Ks 5(Qm - Q) ( )
Q was obtained from the below mass balance equation:
_ VG -0
0= - (8)

By substituting eqn (7) and (8) into (6), the following first
order differential equation was obtained:

-1

F [ e e et B N

This ordinary differential equation can be solved at initial
conditions of C = C, at time zero. It is worth noting here that
the Sips constants can be obtained from the adsorption
isotherm study for the multi-component organic pollutants
system determined in Table 3. Polymath 6.10 software was
used to estimate the K,a (min~") values for the three types of
nanosorbcats by fitting the experimental data to the eqn (9).
Fig. 7 describes the kinetics of the binary systems adsorption
onto our prepared SBNs. The experimental data were well
expressed by the extended mass transfer model. The

Table 5 The highest and lowest adsorption energies (kcal mol™?) of single component systems on NiO (100) and MgO (100) surfaces

5 MB 5 ARS8 5H,0 molecules
MgO (100)
Lowest adsorption energy (kcal mol ™) —962.94 —2132.20 —240.17
Highest adsorption energy (kcal mol ") —767.19 —2095.74 —105.24
NiO (100)
Lowest adsorption energy (kcal mol ) —385.26 —1263.12 —160.85
Highest adsorption energy (kcal mol ™) —351.35 —1245.53 —90.53
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Table 6 The highest and lowest adsorption energies (kcal mol™) of each molecule adsorbed on NiO (100) and MgO (100) surfaces from binary

systems (1 AR88 + 4 MB and 4 AR88 + 1 MB)

MB (1 ARS8 MB (4 ARS8 ARS8 (1 ARS8 ARS8 (4 ARS8

+ + + +

4 MB) 1 MB) 4 MB) 1 MB)
MgO (100)
Lowest adsorption energy (kcal mol *) —1098.06 —1288.59 —3317.05 —2409.22
Highest adsorption energy (kcal mol™") —954.00 —1362.10 —2390.32 —2256.12
NiO (100)
Lowest adsorption energy (kcal mol ™) —438.05 —471.36 —1063.36 —845.90
Highest adsorption energy (kcal mol ") —393.74 —377.24 —1014.23 —799.38

5 AR88/MgO 5 MB/MgO

@ ) 3 :
- A A A"A &M a

3nm

5 AR88/NiO

Fig.9 CPKrepresentation of the MB and AR88 molecules individual system adsorption on MgO (100) and NiO (100) (Top view, 3 nm scale). Grey
atoms represent carbon, blue atoms represent nitrogen, white atoms represent hydrogen, yellow atoms represent sulphur, purple atoms
represent sodium, soft green atoms represent chlorine, red atoms represent oxygen, pigeon blue represents nickel. And lime green represents

magnesium.
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estimated K,a values for both organics model molecules in
the binary systems were illustrated in Fig. 8. By comparing
the values of K,a in the binary solution of MB ranging from
0.85 to 1.06, and AR88 from 0.5 to 0.68, it is obvious that the
SBNs prefer adsorbing the MB over AR88 molecules, whereas,
the K,,a values for MB and AR88 obtained from the external
mass transfer model go in line with the previous findings
from the Extended-Sips isotherm model, of which the MB
molecules have K and K,a values higher than that for AR88.
Consequently, the affinity explained previously in the binary
adsorption experiment of the SBNs towards the adsorption of
the cationic over the anionic surfaces is affirmed.

4 AR88+1 MB/MgO

(g

P T T T I S

3nm
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3.5 Computational modeling

The adsorption energies and coordination computational
modeling were conducted using the adsorption locator tool of
the Material studio 2017.*® Both MgO and NiO (100) surfaces
were cleaved at 5 A and 20.056 A thickness. The vacuum slap
was set up to 30 A, and the supercell range was put to be 3 nm x
3 nm. In order to get the adsorption energy (kcal mol ™) for the
adsorbed AR88 and MB, 4 different computational runs were
conducted for each single and binary molecule systems. To
mimic the single molecule system, the following experiments
were conducted individually: 5 molecules AR88/MgO, 5 mole-
cule MB/MgO, 5 molecules AR88/NiO, 5 molecules MB/NiO. The
binary system was simulated using 1:4 ratio of the model

1 AR88+4 MB/MgO

Fig. 10 CPK representation of the MB and AR88 molecules binary system adsorption on MgO (100) and NiO (100) (Top view, 3 nm scale). Grey
atoms represent carbon, blue atoms represent nitrogen, white atoms represent hydrogen, yellow atoms represent sulphur, purple atoms
represent sodium, soft green atoms represent chlorine, red atoms represent oxygen, pigeon blue represents nickel. And lime green represents

magnesium.
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molecules in one run, as following: 4 molecules AR88 + 1
molecule MB/MgO, 1 molecule AR88 + 4 molecules MB/MgO, 4
molecules AR88 + 1 molecule MB/NiO, and 1 molecule ARS8 + 4
molecules MB/NiO. Tables 5 and 6 show the adsorption energy
values of MB and AR88 in both single and binary molecules

View Article Online
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systems. While Fig. 9 and 10 show the lowest adsorption energy
molecules configuration on the surface of NiO and MgO for
both, single and binary adsorption systems, respectively.
Table 5 shows the adsorption energies of both model mole-
cules in single systems. It is obvious from the results that the
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Fig.11 Regeneration cycles of SBNs after the adsorption of MB and AR88 in the binary solution system; (a) shows the adsorption efficiency of MB
in each cycle, while (b) for AR88. The first through fourth cycles are represented from left to right.
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adsorption energy of AR88 onto both NiO and MgO (100)
surfaces is lower than the energy of MB. This high negativity in
the adsorption energies of AR88 lead to better adsorption
behaviour, which explains the obtained higher experimental
adsorption capacities of AR88 compared to MB in both single
and binary systems (Table 3). By comparing Tables 5 and 6, it is
clear that the adsorption energies of AR88 and MB in the binary
systems (1 AR88 + 4 MB and 4 AR88 + 1 MB) are lower than the
adsorption energies of the single systems. This explains the
higher adsorption capacity Q,,, as found experimentally of AR88
and MB in the binary systems over the single component system
(Table 3).

Moreover, Fig. 9 shows a slight difference between the
adsorption of MB and AR88 onto the MgO and NiO surfaces.
Both NiO and MgO tend to adsorb a higher amount of AR88
molecules in both scenarios. This could be attributed to the
adsorption direction of MB and ARS88. Fig. 9 and 10 show that
MB molecules tend to be adsorbed flat on the surface while
AR88 was tilted and adsorbed from the side sodium atom which
will leave space for more molecules to get adsorbed. The
kinetics study (Fig. 7a and b) shows a slight difference on the
concentration change of AR88 and MB onto MgO and NiO over
the time, of which it was found that the adsorption of MB can
reach the equilibrium before AR88 in a very small period of
time. This minor speed difference will allow MB molecules to
get adsorbed first and flat as shown in Fig. 9 and 10, and receive
both AR88 and MB to arrive on the surface. The competitive
behaviour appeared in the kinetics clarifies the accessibility of
both molecules to reach the metal oxide surface and act as an
additional relaxed landing area for the next opposite
molecule.”

3.6 Regeneration and sustainability of the SBNs

Regeneration efficiency in terms of R% of the SBNs is presented
in Fig. 11. As seen, in the first cycle, there was almost no
decrease in adsorption capacities. However, the adsorption
capacities slightly declined to around 95% in the last adsorp-
tion cycle. This small decrease (4%) in removal efficiency after
the regeneration process endorses the stability and sustain-
ability of the SBNs structure under heating up to 400 °C. This
temperature is lower than the calcination temperature of 800 °C
at which the SBNs were prepared. Therefore, decomposing the
adsorbed molecules of MB and AR88 at 400 °C will not affect the
structure of the SBNs but it is enough to weaken the bonding
between the occupied active sites and the adsorbed model
molecules. Similar sustainability of those SBNs nanosorbcats
was shown previously within a steam gasification process of
adsorbed pollutants from real industrial steam-assisted gravity
drainage (SAGD) wastewater effluents.** Eventually, the
adsorption of MB and ARS88 in single and binary systems onto
the SBNs is sustainable and reversible.

4. Conclusions

This study shows that the three types of in-house prepared
SBNs, namely: NiO-SBNs, MgO-SBNs, and NiO-MgO-SBNs
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succeeded in the removal of methylene blue (MB) and acid red
88 (ARS88) in a very short time with a very high removal capacity
both in single and binary systems. The adsorption and kinetics
studies were performed at an optimum pH of around 7 and
25 °C. The kinetics study showed that the equilibrium can be
reached within 10 min for AR88 and MB in binary systems. The
adsorption isotherms were determined and fitted using the
non-linear Sips isotherm model for AR88 and MB, while the
non-linear Extended Sips model was used for binary systems.
Computational modeling was performed to simulate the
experiments and calculate the adsorption energies in each case.
It was found that MB molecules tend to be adsorbed flat on the
surface while AR88 was tilted and adsorbed from the side
sodium atom which will leave space for more molecules to get
adsorbed. A synergistic effect was also observed in binary
systems leading to a significant enhancement in the adsorption
uptakes. The regeneration study indicated that all SBNs can be
used repeatedly, without impacting the adsorption capacity,
confirming their sustainability. Therefore, the NiO-MgO-SBNs
can be recommended as fast, effective and sustainable nano-
sorbcats for rapid removal of organics in real textile wastewater
effluents.
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